The differential heats of adsorption of ammonia on solid acids were measured, and the surface acid strength distribution and acidity were evaluated. The solid acids studied were silicaalumina, zeolite-containing silica-alumina, sodium-poisoned silica-alumina, alumina and silica. Steam-treatment of these solid acids resulted in a reduction of about 50% in acid density and the disappearance of strong adsorption sites of higher than 120kJ/mol for the heat of adsorption of ammonia. However, it did not affect the positions of the maximum and minimum of the site energy distribution curve. The cumene cracking activity increased linearly with the number of acid sites higher than 70kJ/mol for the heat of adsorption of ammonia. Zeolite-containing silica-alumina showed much higher activity than that of silica-alumina.
Introduction
Acidic catalysts play a very important role in petroleum processing; and, particularly, silicaalumina and zeolite-containing silica-alumina have been widely employed for cracking of vacuum gas oil. These catalysts are usually subjected to steamdeactivation at high temperatures prior to use.
In order to measure acid strength distributions and acidities of solid acids, a number of different methods have been reported1). Microcalorimetry is one of the best methods for characterizing catalysts in terms of the heat of adsorption or the energy distribution of acid sites. Bakshi and Gavalas2) have measured surface acidity and acid strength distributions of several commercial catalysts by calorimetric titration with butylamine and revealed a correlation between acid strength distribution and catalytic activity for alcohol dehydration. Tsutsumi et al., 3) have measured the differential heats of adsorption of ammonia on several cation exchanged zeolites and correlated them with cumene cracking activity. In a previous paper4), we measured differential heats of adsorption of ammonia on commercial silica-alumina, silica-magnesia and HY zeolite and evaluated their acidities and acid strength distributions. The present work is concerned with the attempts made to correlate the acidic characteristics of fresh and steam-deactivated solid acids with their activity for cumene cracking. The effects of hydrothermal treatment and rare earth exchanged Y-type zeolite mixed with silica-alumina on acidity and activity will be also examined.
Experimental

Materials
The solid acids used in this study are given in Table 1 . Silica-aluminas (SA-0.7, SA-13, SA-28), zeolite-containing silica-aluminas(SAZ-I, SAZ-II) and alumina gel were supplied by Shokubai Kasei Kogyo Co., Ltd. The zeolite component of SAZ-I and SAZ-II was rare earth exchanged Y-type faujasite(REY) in which the degree of ion-exchange was higher than 60%. The amount of REY added to silica-alumina matrix was nearly 6wt% in both SAZ-I and SAZ-II. All the fresh catalysts except 55% steam. Sodium poisoned SA-13 (Na-SA-13) was prepared as described previously4). Silica was supplied by Deggussa Co., Ltd. The specific surface areas of the catalysts were measured by the BET method with N2.
Apparatus and Procedure
The heat of adsorption was determined in a twin conduction type micro calorimeter (Tokyo Riko Co., Ltd.) fitted with a conventional vacuum line and a manometer system whose details of which have been described previously5). To measure the differential heat of adsorption, about 0.5g of an adsorbent was weighed into the sample cell which at higher coverages some larger doses were used.
The heat of adsorption of ammonia was measured
Activity tests were performed in a stainless steel micro-reactor, connected to a conventional gas chromatography assembly with a product trap placed between the reactor and the analytical column. Helium was used as a carrier gas and the rate of flow was measured accurately with a soapbubble-flow meter. One hundred and fifty milligrams of the sample was packed and held in the tube (4mm id.) by small plugs of quartz wool. The catalyst was pretreated in a stream of helium cumene, was injected into the carrier gas stream with a microsyringe. The reactant volume was flow rate in the pretreatment and reaction was 30cm3/min. The gas-chromatographic separation of the products was effected with a column of Catalytic activity was given in terms of the conversion of cumene to propylene and benzene during the first pulse reaction.
Results
Differential Heat of Adsorption and Acid
Strength Distribution The differential heats of adsorption of ammonia (q) on fresh and that on steam-deactivated silicaalumina and silica are shown in Fig. 1 as a function of the amount adsorbed (v). In the case of fresh silica-alumina, the differential heats of adsorption fall abruptly from the initial heat of about 160kJ/ mol to 109kJ/mol at about 0.1mmol/g adsorbed and then it decreases gradually to 70kJ/mol at about 0.7mmol/g adsorbed. On steam-deactivated silica-alumina, the strong adsorption sites, higher than 120kJ/mol in the differential heat disappeared and the amount of chemisorbed ammonia greatly decreased in comparison with that on fresh silicaalumina. The acid strength distributions of fresh and steam-deactivated silica-alumina and silica are shown in Fig. 2 . In the curves for both the fresh and steam-deactivated silica-alumina, the maximum is at about 105kJ/mol, suggesting the existence of relatively homogeneous acid sites compared with silica-magnesia4) and the minimum at 80-92kJ/ mol. The distribution curve of silica has neither a maximum nor a minimum.
The differential heats of adsorption of ammonia No significant changes in the differential heat curves could be observed by introduction of REY into the silicaalumina matrix. This probably results from the fact that the differential heat curve of REY was similar to that of silica-alumina except for the increase in the number of acid sites6) and that the amount of REY was very small. The disappearence of ammonia adsorption sites higher than 120kJ/mol in the heat of adsorption by hydrothermal treatment is also observed for SAZ-I and SAZ-II. The differential heats of adsorption of ammonia on alumina and that on Na-SA-13 are shown in Fig. 5 together with the result on fresh SA-13 as reference. Alumina exhibits initial heat of 150kJ/ mol and possesses a large number of ammonia adsorption sites comparable to that of fresh SA-13.
In Na-SA-13, no significant decrease in strong acid sites larger than 109kJ/mol in adsorption heat was observed, while the acid sites of 95-109kJ/mol in adsorption heat almost disappeared.
Acidity and Catalytic Activity
The adsorbed ammonia with a heat of adsorption higher than about 70kJ/mol could not be desorbed 10-5 Torr), suggesting that irreversible adsorption occurred.
The number (mmol/g) and density which were calculated on the assumption that the effective acid sites for cracking reaction were in a 1:1 molar ratio with the acid sites. The decrease in the number of acid sites by hydrothermal treatment is more significant than the decrease in surface area for silica-alumina and zeolite-containing silica-alumina. Therefore, the surface acid density is reduced to about one-half compared with that of fresh catalysts. For Na-SA-13, the reduction in the number of acid sites by Na+ ions is Table  2 Acidity and Acid Density of Solid Acid Catalysts 0.3mmol/g, which is smaller than the number of Na+ ions on Na-SA-13. Catalytic activities of various solid acid catalysts 3. The main products of the cracking reaction are benzene and propylene while the others can be neglected. The catalytic activity of zeolitecontaining silica-alumina is higher than that of silica-alumina catalysts. This sort of phenomenon was particularly observable with the steam-deactivated SAZ-I catalyst which exhibited much higher catalytic activity than silica-alumina catalysts despite its smaller number of acid sites.
Alumina has no catalytic activity because its acidic properties are different from those of silicaalumina and zeolite. Cracking activities of a number of catalysts are plotted against their acidities in Fig. 6 . Activities of zeolite-containing silica-alumina catalysts are located above the straight line drawn through the activities of silica-alumina catalysts. The activity of Na-SA-13 for cumene cracking is slight.
Discussion
In the vacuum gas oil cracking process, fresh catalysts are subjected to hydrothermal treatment at higher temperatures in order to modify their catalytic activity to more moderate levels. This treatment is similar to that taking place in the regenerator. Acid strength distributions of steamdeactivated catalysts have been examined by Hsieh7) and Moscou8). The former has measured differential heats of adsorption of ammonia on fresh and steam-deactivated silica-alumina and observed the lowering of the initial heat in the steam-deactivated catalysts. The latter has reported that hydrothermal treatment of zeolites led to a decrease in the number of strong acid sites, but did not affect the number of intermediate and weak acid sites.
Each of the differential heat curves for fresh silica-alumina and zeolite-containing silica-alumina showed a wide distribution of acid strengths from the initial heat of about 160kJ/mol to 70kJ/mol at about 0.7mmol/g adsorbed. The surfaces of these catalysts are more heterogeneous than the surface of HY zeolite in acid strength4). In steamdeactivated silica-alumina catalysts, acidity decreased remarkably and strong adsorption sites almost disappeared. However, the maximum and minimum positions of the acid strength distributions in Figs. 2 and 4 were almost the same as those for fresh catalysts, and their activities for cumene crackin g lie on the same straight line as that for fresh catalysts as shown in Fig. 6 . This indicates that no significant changes in the effective acid sites for cumene cracking occur by hydrothermal treatment except for the decrease in the number of acid sites. Moreover, the existence of strong acid sites higher than 120kJ/mol in the adsorption heat of ammonia on fresh catalysts does not result in a noticeable increase in the activity for cumene cracking in comparison with the acid sites having the heat of adsorption of 70-120kJ/mol.
Bremer et al. have investigated the effects of alkali metal poisoning on silica-alumina and observed that complete disappearence of acidity by poisoning was accompanied by complete deactivation for cumene cracking.9) Though the acidity of Na-SA-13 measured by calorimetry was larger than that of steam-deactivated silica-alumina and its acid strength was sufficiently high, the distribution curve had neither a maximum nor a minimum and the activity for cumene cracking was almost nil. This suggests that the effective acid sites for cumene cracking, i.e., Bronsted acid sites, were almost completely poisoned by the Na+ ion. This is also evident from the fact that infrared spectrum of ammonia adsorbed on Na-SA-13 showed very weak absorption bands of the ammonium ion. These Fig. 5 probably represents Lewis acid character.
The activity of zeolite-containing silica-alumina is much higher than that of silica-alumina, and a linear relationship between activity and acidity in Fig. 6 does not coincide with a straight line of silica-alumina catalysts in spite of the similarity in their differential heat curves. In the case of st-SAZ-I, especially, its acidity is lower than that of SA-28 but its activity is much higher. The high activity of zeolite-containing silica-alumina resulted from its charactristic acidic and sorption properties and from the polarization of hydrocarbons by the existence of rare earth rations.
A correlation between catalytic activity and acidity measured by calorimetry for zeolite-containing silica-alumina could not be discussed in the same light with silica-alumina. However, in each series of catalysts activity for cumene cracking correlates with acidity. This finding suggests that some degree of estimation of catalytic activity becomes possible from the results of calorimetric measurements.
A correlation of acid strengths determined by measurements of heat of adsorption of ammonia, q(kJ/mol), with those determined by amine titration, pKa, has been already studiedly. From the results, the adsorption heat of ammonia of about 70kJ/mol corresponds to about 60% H2SO4 concentration. The fact that the number of acid sites stronger than 70kJ/mol, heat of adsorption, forms a straight line with activity indicates that the acid sites having strengths above 60% H2SO4 concentration are effective for cumene cracking. This value is somewhat lower than Hirshler's in which the acid strengths of the effective sites for cumene cracking are 77-88% H2SO4 concentration12). Further measurements for several catalytic reactions, i.e., isomerization, polymerization and so on, promoted by different acid strengths will be necessary to correlate the effective acid strength with activity for cumene cracking. Moreover, the amounts and strengths of both Bronsted and Lewis acids, which could not be distinguished from the differential heat of adsorption of ammonia, might be clarified by the combined use of the differential heat of ammonia and specific poisoning of the acid sites. 
